VOLUME 17 NUMBER 4 APRIL 2016 nature immunology T cell responses are directed by multiple cell-extrinsic cues, including antigen, costimulation and cytokines, which induce a molecular network that controls antigen-induced CD8 + T cell differentiation [1] [2] [3] . Key aspects of this process have been identified, including the distinct transcriptional profiles of effector and memory T cells [4] [5] [6] , the impact of T cell antigen receptor (TCR) signaling 7, 8 , the epigenetic landscape 9 and the temporal organization of CD8 + T cell responses 10 .
T cell responses are directed by multiple cell-extrinsic cues, including antigen, costimulation and cytokines, which induce a molecular network that controls antigen-induced CD8 + T cell differentiation [1] [2] [3] . Key aspects of this process have been identified, including the distinct transcriptional profiles of effector and memory T cells [4] [5] [6] , the impact of T cell antigen receptor (TCR) signaling 7, 8 , the epigenetic landscape 9 and the temporal organization of CD8 + T cell responses 10 .
Cytokines, in particular those that signal through the common γ-chain, such as interleukin 2 (IL-2), or mediate inflammation, such as IL-12, are critical for T cell differentiation [11] [12] [13] [14] [15] . Strong or extended IL-2 signaling drives CD8 + T cells to differentiate into effector cells, whereas weak or limited IL-2 signaling promotes their development into memory cells 16, 17 . IL-2 induces the expression of the transcription factor Blimp-1 (refs. [17] [18] [19] [20] [21] , which in turn drives terminal differentiation of effector T cells and regulates a number of key molecules involved in CD8 + T cell function [22] [23] [24] [25] . Conversely, IL-2 also contributes to the programming of CD8 + memory T cells 26, 27 . This may be due to the capacity of IL-2 to induce the T-box transcription factor Eomesodermin (Eomes), which is crucial for the development of memory T cells 17, 28, 29 . Therefore, the biology of IL-2 is complex, and its contribution to effector and memory differentiation is incompletely known. IL-12 has a crucial role in CD8 + T cell responses by inducing T-bet, another T-box transcription factor, which is of central importance for CD8 + effector differentiation and function 5, 28, 30 . In addition, both IL-2 and IL-12 promote effector differentiation through inducing the expression of transcriptional regulator Id2 (refs. 31-34) . Importantly, this process is balanced by a number of transcription factors, including Eomes, Id3, Bcl-6 and Tcf1, that counteract terminal differentiation and promote development of memory T cells [1] [2] [3] [33] [34] [35] [36] [37] [38] . Thus, cytokines regulate the coordinated and dynamic expression of multiple transcription factors that control the development of cytotoxic effector and memory T cells.
Peripheral CD8 + T cell differentiation in response to infection gives rise to distinct populations of antigen-specific cells, including shortlived effector cells (SLECs) and memory-precursor cells (MPCs) 4, 5 . SLECs express high amounts of cytotoxic molecules and cytokines and are considered best equipped to eradicate virus-infected cells. SLEC formation seems particularly susceptible to alterations in the transcriptional repertoire of CD8 + T cells, as deficiencies in transcriptional regulators such as T-bet, Blimp-1 and Id2 lead to severe impairments in SLEC differentiation while leaving MPC development intact 5, 24, 25, [32] [33] [34] . This requirement for SLEC differentiation may be due to a tight interdependency of the expression of these transcription factors 24, 25, 39, 40 . In an alternative and not necessarily mutually exclusive model, all three factors-Blimp-1, T-bet and Id2-may regulate the expression of distinct sets of genes critical for SLEC differentiation or contribute to the expression of a common set of genes required for SLEC development.
Although SLEC differentiation is severely impaired in T cells lacking T-bet, Blimp-1, Id2 or IL-2 signaling, CD8 + T cell-mediated viral control is largely preserved 17, 25, 39, 41, 42 . This indicates significant robustness in the molecular network regulating T cell function and suggests the existence of mechanisms that preserve effector functions in environments that may be limited by a paucity of inflammatory cytokines or mutations that cripple aspects of T cell function. It remains unknown how the activities of multiple cytokines and transcription factors are integrated to ensure effector function under various physiological conditions.
Here we use broad transcriptional profiling of antigen-specific CD8 + T cells to dissect the relative contributions and interdependency of cytokines and Blimp-1 and T-bet, two major drivers of effector CD8 + T cell differentiation. We show that signals from IL-2 and proinflammatory cytokines, in particular IL-12, combine to induce the expression of graded amounts of Blimp-1 and T-bet, which together in a partially redundant manner control the expression of molecules required for effector and memory T cell differentiation and repress the development of IL-17-producing CD8 + T cells. Consequently, combined deficiency in Blimp-1 and T-bet resulted in an inability to control systemic viral infection and severe immune pathology. These data uncover remarkable robustness in the molecular network governing T cell function and suggest a combinatorial threshold model in which Blimp-1 and T-bet contribute to the expression of overlapping and distinct sets of genes required for the differentiation of effector T cells.
RESULTS

IL-2 is not essential for Blimp-1 expression in CD8 + T cells
To examine whether IL-2 is necessary for Blimp-1 expression in vivo, we generated mice that are deficient in IL-2 receptor-α (IL-2Rα) and carry a reporter allele expressing GFP from the Blimp1 locus (Il2ra −/− Blimp1 GFP ). We then reconstituted the hematopoietic systems of lethally irradiated congenically marked (Ly5.1 + Ly5.2 + ) mice with a mix of bone marrow cells from Il2ra −/− Blimp1 GFP (Ly5.2 + ) and Il2ra +/+ Blimp1 GFP (Ly5.1) mice (Supplementary Fig. 1a) . The resulting chimeric mice were primed with a heterologous influenza virus (PR8) then infected with influenza virus HKx31. At the peak of the response, we analyzed antigen-specific CD8 + T cells using tetrameric complexes (Fig. 1a and Supplementary Fig. 1b) . Consistent with a role for IL-2 in Blimp-1 induction, splenic IL-2Rα-deficient antigen-specific CD8 + T cells did not differentiate into KLRG1 + IL-7R − SLECs (Fig. 1b) and expressed less Blimp-1-GFP than their wild-type counterparts (Fig. 1c, left) . However, lung-infiltrating (Fig. 1c, right) and splenic antigen-specific SLECs had high Blimp-1 expression even in the absence of IL-2 signals (Supplementary Fig. 1c) . Stimulation of preactivated IL-2Rα-deficient CD8 + T cells with IL-2 did not result in phosphorylation of transcription factor STAT5, whereas stimulation with IL-15 did, ruling out the possibility that IL-2Rα-deficient CD8 + T cells responded to IL-2 signals via the intermediate affinity receptor IL-2Rβ-γ c (Supplementary Fig. 1d ). Taken together, these results indicate that IL-2 is not essential for the induction of Blimp-1 but is required for its optimal expression. IL-2-STAT5 and IL-12-STAT4 'cooperate' in Blimp-1 induction To dissect the effects of individual cytokines on Blimp-1 expression in the absence of autocrine IL-2 signaling during T cell activation, we generated IL-2-deficient (Il2 −/− ) Blimp1 GFP mice. Naive CD8 + T cells sorted from spleens and lymph nodes of Il2 +/+ Blimp1 GFP (hereafter Blimp1 GFP ) and Il2 −/− Blimp1 GFP mice were stimulated with anti-CD3 and anti-CD28 in the presence of cytokines IL-2, IL-12 and IL-6 alone or in various combinations. In the presence of IL-2 alone, Blimp-1-GFP was not upregulated in either Blimp1 GFP or Il2 −/− Blimp1 GFP CD8 + T cells (Fig. 1d) . However, addition of the proinflammatory cytokine IL-12, but not IL-6, together with IL-2 induced Blimp-1-GFP expression in CD8 + T cells from both groups (Fig. 1d) but did not alter the number of cell divisions (Supplementary Fig. 1e ). Cross-titration of IL-2 and IL-12 revealed that both cytokines potently synergized to induce high expression of Blimp-1-GFP in CD8 + T cells (Fig. 1e) . In contrast, IL-15 did not induce Blimp-1-GFP in activated CD8 + T cells, even in the presence of IL-12 ( Supplementary Fig. 1f ). Consistent with a role for IL-12 in regulating Blimp-1 expression in vivo, antigen-specific Blimp1 GFP CD8 + T cells responding in Il12 −/− host mice that were infected with lymphocytic choriomeningitis virus (LCMV, strain WE) expressed reduced amounts of Blimp-1-GFP (data not shown).
Both STAT5 and STAT4 can bind to the Blimp1 gene in activated CD4 + T cells 43 . Chromatin immunoprecipitation of CD8 + T cells stimulated with IL-2 or IL-12 in vitro showed binding of STAT5 and STAT4 to a gamma-activated site (GAS) motif in intron 3 of Blimp1 (Fig. 1f) . Consistent with an important role for inflammatory signals, particularly IL-12, in inducing Blimp-1, a substantial proportion of activated CD8 + T cells in the spleen of Il2 −/− Blimp1 GFP mice expressed Blimp-1 (Fig. 1g) . These observations suggest that proinflammatory signals are a major driver of Blimp-1 expression and compensate for the loss of IL-2 signals under conditions of strong inflammation. Indeed, infection of bone marrow-chimeric mice containing a mix of hematopoietic cells from Blimp1 GFP (Ly5.1 + ) and Il2ra −/− Blimp1 GFP (Ly5.2 + ) mice with LCMV, which causes acute systemic infection and inflammation, resulted in the differentiation of antigenspecific KLRG1 + CD8 + T cells, which were Blimp-1-GFP hi in both the Il2ra −/− Blimp1 GFP and Blimp1 GFP T cell compartments (Fig. 1h,i) . These results suggest that multiple cytokine signals, and IL-2 and IL-12 in particular, act together to overcome a molecular 'threshold' required for the expression of high amounts of Blimp-1 and the differentiation of SLECs.
IL-2 regulates SLEC formation in a Blimp-1-dependent manner To determine which effects of IL-2R signaling are Blimp-1 dependent during effector T cell differentiation, we generated three sets of mixed bone marrow-chimeric mice containing congenically marked hematopoietic cells from wild-type (Ly5.1 + ) mice mixed with hematopoietic cells from either IL-2Rα-deficient mice, mice lacking Blimp-1 specifically in T cells (expressing loxP-flanked Blimp1 and Lck-driven Cre recombinase (Blimp1 fl/fl Lck-Cre)) or Il2ra −/− Blimp1 fl/fl Lck-Cre mice (all Ly5.2 + ). After influenza virus infection, we observed a reduction in antigen-specific CD8 + T cells among IL-2Rα-deficient, but not Blimp-1-deficient, CD8 + T cells compared to wild-type CD8 + T cells (Fig. 2a,b and Supplementary Fig. 2a ). Double deficiency of IL-2Rα and Blimp-1 in virus-specific CD8 + T cells did not further reduce the numbers of antigen-specific CD8 + T cells (Fig. 2a,b and Supplementary Fig. 2a ) indicating that IL-2 mediates expansion of antigen-specific cells independently of Blimp-1. The frequency of antigen-specific KLRG1 + IL-7R − SLECs was lower in IL-2Rα-deficient CD8 + T cells than in wild-type CD8 + T cells and was further reduced in Blimp-1-deficient and IL-2Rα-Blimp-1 double-deficient CD8 + T cells, with or without prior priming with heterologous influenza virus (Fig. 2c) . In line with this observation, granzyme B (Gzmb) expression was lower in IL-2Rα-deficient, Blimp-1-deficient and A r t i c l e s double-deficient antigen-specific effector CD8 + T cells than in wildtype CD8 + T cells ( Fig. 2d and Supplementary Fig. 2b ). Together, these data indicate that IL-2 signals regulate SLEC differentiation in a Blimp-1-dependent manner, whereas the expansion of antigenspecific T cells is regulated by IL-2 independently of Blimp-1.
A transcriptional signature dependent on IL-2 and Blimp-1 To understand globally the extent to which the IL-2-mediated transcriptional program of effector differentiation is dependent on Blimp-1, we isolated wild-type, IL-2R-deficient and Blimp-1-deficient splenic CD8 + T cells specific for the influenza nucleoprotein amino acids 366-374 (NP366 + ) from the mixed bone marrow-chimeric mice described above and generated geneexpression profiles by RNA sequencing (RNA-seq). More than 50% of the genes differentially expressed between wild-type and Blimp-1-deficient antigen-specific CD8 + T cells were also differentially expressed between wild-type and IL-2Rα-deficient cells (Fig. 3a) . Most of these genes were associated with effector (Klrg1, Gzma, Gzmb, Gzmc, Serpinb1a, Fasl and Ctse), memory T cell differentiation (Id3, Tcf7) and chemotaxis and adhesion (Sell, Ccr7, Cx3cr1 and Cxcr6). However, IL-2Rα-deficient CD8 + T cells showed deregulated expression of a large number of genes (748) that were Blimp-1 independent-i.e., they were not deregulated in Blimp-1-deficient CD8 + T cells. MetaCore analysis showed that these genes are involved in the control of T cell activation, migration and adhesion, cell cycle and inflammation (Fig. 3b) . Transcripts that were IL-2 signaling independent-i.e., transcripts deregulated in Blimp-1-deficient but not in IL-2Rα-deficient CD8 + T cells-were enriched for genes related to growth arrest and apoptosis (Fig. 3b) .
Gene-set enrichment analysis using published MPC and SLEC geneexpression signatures 5 revealed that Blimp-1-dependent genes-i.e., those upregulated in Blimp-1-deficient CD8 + T cells or commonly upregulated in Blimp-1-deficient and IL-2Rα-deficient CD8 + T cells in comparison to wild-type CD8 + T cells-were enriched for MPC signature genes (Fig. 3c) . Conversely, transcripts downregulated in both comparisons were enriched for SLEC signature genes (Fig. 3c) . Similarly, Blimp-independent genes, upregulated in IL-2Rα-deficient but not in Blimp-1-deficient CD8 + T cells, were enriched for MPC signature genes (Fig. 3c) . In contrast, genes that were specifically downregulated in IL-2Rα-deficient CD8 + T cells were not enriched in the MPC or SLEC signatures (Fig. 3c) , suggesting roles in both biological processes distinct from Blimp-1-mediated differentiation.
We next assessed the enrichment of genes specifically deregulated in IL-2Rα-deficient or Blimp-1-deficient CD8 + T cells within the 
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A r t i c l e s ten clusters of genes dynamically regulated during CD8 + T cell responses 10 ( Fig. 3d) .
Cluster VI ('short-term effector and memory') was the most enriched, with ~30% of genes shared with the sets of genes deregulated in IL-2Rα-deficient CD8 + T cells, in both Blimp-1-dependent and Blimp-1-independent manners. In contrast, clusters II ('preparation for cell division'), VIII ('naive or late effector or memory') and IX ('short-term effector or memory') were specifically enriched for genes deregulated in IL-2Rα-deficient but not Blimp-1-deficient CD8 + T cells (Fig. 3d) . Together, these data indicate that IL-2 promotes population expansion and other aspects of T cell biology in a Blimp-1-independent fashion and facilitates effector cell differentiation at least in part in a Blimp-1-dependent manner. 
A r t i c l e s
Integration of effector and memory T cell development To test whether IL-2 and Blimp-1 collaboratively control CD8 + T cell differentiation, we extended our RNA-seq analysis to antigen-specific CD8 + T cells that lack both IL-2Rα and Blimp-1, purified from the influenza-infected mixed chimeric mice described above. We found that the ten clusters of transcripts dynamically regulated during a CD8 + T cell response 10 were further deregulated in IL-2Rα-Blimp-1 double-deficient CD8 + T cells compared to single-deficient cells (Fig. 4a) . This included cluster VI ('short term effector and memory') and clusters VIII, IX and X, which contain genes involved in effector or memory generation. In addition, sizable proportions of genes in clusters II ('preparation cell division'), IV ('naive and late memory') and VII ('memory precursor') were derepressed in IL-2Rα-Blimp-1 double-deficient CD8 + T cells (Fig. 4a) . This included transcripts encoding molecules important for T cell biology, such as Ccr6, Ccr7, Sell and Fas, as well as key transcriptional regulators of effector and memory CD8 + T cell differentiation such as Myc, Eomes, Id3 and Id2, some of which we confirmed at the protein level ( Fig. 4b-d) . In line with this observation, gene-set enrichment analysis confirmed that transcripts specifically deregulated in IL-2Rα-Blimp-1 double-deficient CD8 + T cells were strongly enriched for genes deregulated in the absence of Id2 (ref. 34; Supplementary Fig. 2c) . Overall, these data showed that IL-2 signaling and Blimp-1 have common and distinct transcriptional targets and collaborate in the development of effector and memory 
Blimp-1 and T-bet regulate distinct and overlapping gene sets
Our results showed that IL-12 contributes to the expression of Blimp-1, but it is also a strong inducer of T-bet (encoded by Tbx21), which, similarly to Blimp-1, is required for SLEC differentiation. Flow cytometric analysis showed that T-bet protein expression was not significantly different between antigen-specific IL-2Rα-or Blimp-1-deficient CD8 + T cells and wild-type cells (Fig. 5a) . Likewise, Blimp-1 expression was similar in wild-type and T-bet-deficient antigenspecific CD8 + T cells (Fig. 5b) , indicating that T-bet and Blimp-1 in CD8 + T cells are expressed largely independently of each other.
To characterize transcriptional signatures specific or common to either of these factors, we performed RNA-seq analysis of NP366 + CD8 + T cells purified from influenza infected bone marrow chimeric mice containing congenically marked Tbx21 −/− and wildtype hematopoietic cells. Consistent with the notion that both Blimp-1 and T-bet contribute to SLEC formation, 82 of the genes deregulated in Blimp-1-deficient CD8 + T cells were also deregulated in T-betdeficient CD8 + T cells (Fig. 5c) . When we compared the lists of genes that were expressed differently in T-bet-deficient and IL-2Rα-Blimp-1 double-deficient CD8 + T cells (relative to wild-type CD8 + T cells), we found that 166 transcripts were deregulated in both data sets (Fig. 5c) . This included transcripts associated with immune cell function, T cell migration, adhesion and killing, such as Cx3cr1, Ccr7, S1pr5, Klrg1, Fasl, Gzma and Prf1, as well as transcriptional regulators of memory CD8 + T cell differentiation such as Eomes, Tcf7 and Id3 (Fig. 5d) , all of which may be considered part of the core transcriptional program of SLEC versus MPC differentiation. This result suggested that the T-bet and IL-2Rα-Blimp-1 axes act together to control gene expression. Genes deregulated specifically in T-bet-deficient CD8 + T cells compared to wild-type cells were enriched for T cell activation, migration, cytokine signaling and cytotoxic function, as well as for genes controlling cell cycle (Supplementary Fig. 3a) . As expected, a majority of MPC and SLEC signature genes 5 were deregulated in the same direction in both Blimp-1-deficient and T-bet-deficient antigen-specific CD8 + T cells (Fig. 5d) . Likewise, comparison of the ten clusters of transcripts dynamically regulated during CD8 + T cell responses 10 showed that T-bet and Blimp-1 commonly regulate a large proportion of genes, in particular in clusters I and VI (Fig. 5e) . Many genes, however, were more strongly affected by loss of T-bet (Tox, Klrg1, Ifitm10, Ccl6) or Blimp-1 (Tspan12, Sell, Cxcr5, Nsg2, Myc, Usp18), respectively, whereas others were regulated in opposite directions (Nrp1, Ifitm1, Ifitm3, Pou6f1) ( Fig. 5d and Supplementary  Fig. 3b,c) . Thus, our data demonstrate that Blimp-1 and T-bet have both overlapping and distinct roles in driving the effector program of CD8 + T cell differentiation.
Cooperation in CD8 + T cell-mediated virus control
Our data suggested that Blimp-1 and T-bet act together during effector differentiation of CD8 + T cells in an at least partially 
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A r t i c l e s nonredundant fashion. To test this hypothesis, we generated three sets of mixed bone marrow-chimeric mice containing congenically marked wild-type (Ly5.1 + ) and either Blimp1 fl/fl Lck-Cre, T-bet-deficient or T-bet-deficient Blimp1 fl/fl Lck-Cre (all Ly5.2 + ) hematopoietic cells and infected them with LCMV. At the peak of the immune response (day 9), antigen-specific CD8 + T cells of all genotypes were present in similar frequencies (Fig. 6a) . However, we observed 'cooperative' activities of Blimp-1 and T-bet in the generation of polyfunctional antigen-specific CD8 + T cells. Whereas a large population of wildtype CD8 + T cells expressed both GzmB and interferon-γ (IFN-γ), such double producers were reduced among cells lacking either T-bet or Blimp-1 (by ~2-fold and ~6-fold, respectively) and were largely absent in cells lacking both transcription factors (reduced by ~18-fold) (Fig. 6b) . Furthermore, we observed synergistic induction of IL-7R but not of CD62L expression (Fig. 6c,d ) in T-bet-Blimp-1 doubledeficient antigen-specific CD8 + T cells, suggesting 'cooperation' in the suppression of memory fate. Similar results were obtained with influenza infection (Supplementary Fig. 4a,b and data not shown) .
LCMV infection of nonchimeric Blimp1 fl/fl Lck-Cre and T-betdeficient mice resulted in significantly less SLEC differentiation than in wild-type mice, and a further reduction in T-bet-deficient Blimp1 fl/fl Lck-Cre mice (Fig. 6e and Supplementary Fig. 5a ). We also observed defects in viral clearance at days 8-10 after infection, after infection with both low (300 plaque-forming units (PFU) (Fig. 6f) and high (3,000 PFU) (Supplementary Fig. 5b ) doses of LCMV, and this defect was most pronounced in T-bet-deficient Blimp1 fl/fl Lck-Cre mice ( Fig. 6f and Supplementary Fig. 5b ). Compared to wild-type and single-deficient mice, T-bet-deficient Blimp1 fl/fl Lck-Cre mice showed higher spleen weight (Supplementary Fig. 5c ) and higher expression of CD25 and PD1 on antigen-specific CD8 + T cells (Fig. 6g  and Supplementary Fig. 5d,e) . Furthermore, T-bet-deficient Blimp1 fl/fl Lck-Cre mice showed accelerated weight loss and died within 10-11 d of LCMV infection, whereas most of the single-deficient and wild-type mice recovered (Fig. 6h and Supplementary Fig. 5f ). Depletion of CD8 + T cells, but not CD4 + T cells, resulted in survival of these mice ( Fig. 6i and Supplementary Fig. 5g ), which indicates that CD8 + T cells mediated the observed immune pathology. These data demonstrate that although Blimp-1 and T-bet are not required for the expansion of antigen-specific CD8 + T cells, they act together during the differentiation of protective effector CD8 + T cells and prevent CD8 + T cellmediated immune pathology.
Blimp-1 and T-bet nonredundantly regulate T cell function
To understand the specific and overlapping functions of Blimp-1 and T-bet during CD8 + T cell differentiation in response to viral infection, we sorted antigen-experienced wild-type, Blimp-1-deficient, T-bet-deficient and T-bet-Blimp-1 double-deficient CD8 + T cells from LCMV-infected chimeric mice described above and performed transcriptional profiling by RNA-seq. Many genes important for T cell function were differentially expressed between wild-type and T-betBlimp-1 double-deficient CD8 + T cells. This included genes critical for the cytotoxic function of effector CD8 + T cells such as Gzma, Gzmb, Gzmk, Gzmm, Prf1 and Fasl, all of which were dramatically reduced in T-bet-Blimp-1 double-deficient CD8 + T cells. Concurrently, genes that are typically not expressed in cytotoxic CD8 + T cells, including T H 17-associated Rorc, Il17, IL23r and Ccr6, were strongly upregulated in T-bet-deficient and in double-deficient CD8 + T cells (Fig. 7a) . In line with this observation, a large proportion of T-bet-deficient and T-bet-Blimp-1 double-deficient CD8 + T cells expressed IL-17 and RORγt, but not IL-22, which was intrinsic to CD8 + T cells, as indicated by analysis of mixed chimeric mice ( Fig. 7b and Supplementary  Fig. 5h-j) . T-bet-deficient Blimp1 fl/fl Lck-Cre mice also showed high serum amounts of inflammatory cytokines including GMCSF, TNF, IL-6 and IL-12, which was associated with a strong increase in neutrophil numbers in the spleen and infiltration of mononuclear cells into the liver (Supplementary Fig. 6a-d) .
Further analysis of the RNA-seq results revealed that Blimp-1-deficient CD8 + T cells lacked Gzmb and Gzmc expression, whereas Gzmk and Gzmm expression was less impaired or even higher than in wildtype cells (Fig. 7c) . In contrast, T-bet-deficient CD8 + T cells in comparison to wild-type cells expressed similar amounts of Gzmb and Gzmc, but lacked Gzmm (Fig. 7c) . Finally, Gzma expression was much lower in both Blimp-1-deficient and T-bet-deficient CD8 + T cells than in wild-type cells, whereas Gzmk and Prf1 expression was severely reduced only in T-bet-Blimp-1 double-deficient cells (Fig. 7c) . These data show widespread 'cooperation' of Blimp-1 and T-bet in the regulation of genes important for T cell biology, an idea further supported by the expression pattern of the ten clusters of transcripts dynamically regulated during CD8 + T cell responses 10 (Supplementary Fig. 7 ). Taken together, these results indicate that T-bet and Blimp-1 cooperatively control differentiation of effector CD8 + T cells by promoting the expression of cytotoxic molecules and repressing the alternate cell fate.
T-bet can partially compensate Blimp-1 function
To directly test whether Blimp-1 and T-bet can compensate for each other during effector T cell differentiation, we transduced congenically marked Blimp-1-deficient CD8 + T cells from P14 TCR-transgenic mice, which harbor a TCR specific for the LCMV glycoprotein amino acids 33-41 (gp33), with either a control or a T-bet-overexpressing retrovirus and adoptively transferred them into wild-type recipient mice that had been infected with LCMV (Armstrong) virus 1 d before transfer. T-bet overexpression rescued KLRG1 expression and lowered the expression of IL-7R and Eomes in both wild-type and Blimp-1-deficient CD8 + T cells (Fig. 8a,b) , but some alterations associated with Blimp-1 deficiency, such as the loss of Gzmb or the increased expression of memory markers (Tcf1, CD62L) were not corrected by increased T-bet expression (Fig. 8c,d) . These data indicate that T-bet only partially compensates for the loss of Blimp-1 during SLEC differentiation and memory development of CD8 + T cells. 
DISCUSSION
Using transcriptional profiling of antigen-specific CD8 + T cells lacking several molecules required for SLEC formation, we here reveal two major pathways of effector differentiation governed by the availability of IL-2 and IL-12 and the transcriptional regulators Blimp-1 and T-bet. These two pathways promote cytotoxic effector T cell differentiation and repress alternate cell fate in a collaborative and partially redundant manner, which ensures preservation of effector function in response to various pathogens and over a broad spectrum of pathophysiological conditions. The molecular network controlling differentiation of effector and memory CD8 + T cells is complex, and cytokines have a central role in shaping it [11] [12] [13] [14] [15] . The critical role of IL-2 in promoting effector T cell differentiation is now accepted 16, 17 ; however, published results showing that IL-2 was both required and dispensable for effector or memory differentiation 26, [44] [45] [46] are difficult to reconcile and are probably due to the pleiotropic nature of IL-2. Although IL-2 can induce the expression of Blimp-1 (refs. 17-21), we found that IL-2 alone was neither necessary nor sufficient for Blimp1 expression. Rather, inflammatory cytokines, in particular IL-12, in combination with IL-2, were essential for Blimp1 induction.
Our transcriptional profiling of antigen-specific CD8 + T cells lacking IL-2Rα, Blimp-1 or both revealed broad cooperation in the regulation of genes required for antigen-induced T cell differentiation. IL-2-mediated SLEC differentiation was Blimp-1-dependent, but large numbers of genes dynamically regulated during CD8 + T cell responses 10 -including clusters of transcripts involved in effector cell generation, cell division or the memory state-required both IL-2 signaling and Blimp-1 for their appropriate expression. Notably, we found that IL-2 and Blimp-1 act together in controlling the expression of transcriptional regulators such as Eomes and Id2, which are essential regulators of T cell differentiation and function [28] [29] [30] [31] [32] [33] [34] . IL-2 also controlled large numbers of genes in a Blimp-1-independent fashion, including genes involved in T cell activation, cell cycle and survival, suggesting that IL-2 signaling guides effector differentiation in both Blimp-1-dependent and Blimp-1-independent ways.
Inflammatory cytokines, including IL-12, are required for efficient T cell responses. Although the contribution of individual cytokines is context dependent, it is likely that several cytokines are involved and can partially compensate for each other 14, 15, 47 . In line with 'promiscuous' regulation of T cell differentiation, Blimp-1 expression is induced not only by IL-12-STAT4 and IL-2-STAT5 but also by IL-21-STAT3 signals 22, 48 . IL-12 is also an inducer of T-bet 5, 30 , in contrast to IL-2, which is dispensable for T-bet expression in CD8 + T cells 17 . Therefore, IL-2 and multiple inflammatory signals induce distinct but overlapping pathways that intersect at the level of Blimp-1 and control effector differentiation.
Our transcriptional profiling showed that Blimp-1 and T-bet were required for the appropriate expression of a common group of molecules that may be considered the core signature of SLEC differentiation. Consequently, T-bet overexpression was able to rescue SLEC differentiation in Blimp-1-deficient T cells, indicating that both factors act in an additive manner during SLEC formation. Such a complementation mechanism may be important to ensure differentiation under conditions of limiting cytokine availability and may constitute a 'backup' to maintain effector cell differentiation and function under different physiological conditions. This idea is supported by our finding that T cells that lack either Blimp-1 or T-bet maintain considerable functionality. However, our data also reveal specific functions for Blimp-1 and T-bet, illustrated by the distinct expression patterns of cytotoxic molecules such as granzymes, several of which we found to be specifically regulated by either Blimp-1 or T-bet. Thus, although T-bet and Blimp-1 act together during acquisition of effector function, there is 'division of labor' between them at the level of gene regulation.
The cooperative functions of Blimp-1 and T-bet also extended to the repression of lineage-inappropriate genes during cytotoxic T cell differentiation. Whereas T-bet deficiency alone was sufficient to induce substantial IL-17 production from antigen-specific CD8 + T cells, only the additional loss of Blimp-1 resulted in further derepression of genes associated with a pathological potential of IL-17-producing cells, including Il23r and Ccr6, and caused CD8 + T cell-mediated pathology, a phenotype reminiscent of T cells lacking both T-bet and Eomes 42 .
In summary, our results demonstrate widespread molecular cooperation and redundancy during CD8 + effector T cell differentiation and indicate that multiple transcription factors create a 'buffered' molecular network that protects against the loss of individual components. Furthermore, our data suggest the existence of a molecular 'threshold' in the differentiation of functionally competent effector T cells, consisting of two interdependent layers: cytokines, including IL-2 and IL-12, and transcription factors, including Blimp-1 and T-bet, that act in a combinatorial manner to promote the differentiation process. In this model, different input signals cooperate in an additive manner to induce a transcriptional program that drives effector differentiation. Through the combination of multiple, partially redundant components in this network, cytotoxic T cell function remains intact even when individual components collapse. 
